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Abstract
Aneffectivespinhamiltonianthatca血properlydescribetheisotropicexchangeand皿agnetiCdipolarinteractions
betweenaMn-tetramerwithtotalspinS量=1/2anditsligandradicalw油spinS2=1/2,i.e.,」12S1・S2andSl・D12・S2,
respectively,hasbeenquantUm-mechanicallyde亘vedtoelucidatetheoriginofanewtypeofEPRsig頒1sf缶mthe
modified-S3(S3')stateofCa2+-deptetedphotosystenII(PSII)membranes.Thissignal,called"S3'signal",輌scenteredat
g=2.004andnotablyconsistsof包tnaindoubletcomponenthavinganear-symmetriclineshapewiththelinewidthoflOO-
200GandasecondarywingcompOnentasymmetricatlyextendingover・910Gwithoutanyhyperfinestructure.From
resultsofco.mputersimulatiofioftheS3'signal,combinedw柱hthepulsedEPRdata,itf(}llows:(1)theMn4-radical
co血plexesintheS3'statemustbehighlyinhomogeneous;(2)themajority(・=77%)wouldbeEPR-silentpossibly
becauseofnodetectablemagneticmomentduetoJ12》kBT(temperature),and(3)theminoritywouldexhibitanEPR
signalmainlycontributingtothedoublet(=15%)orwing(=8%)componentintbeS3'signalaccordingasIJi21=100-
200GorIJi2i》IOO-・200G(togetherwithanadditionalcondition,Jl2<kBT,whenJ12>0),respecdvely,indicating(4)
theradicalcouldbeneitheranoxidizedhistidineIBoussacetaL(1990)Nature347,303-306】nortyrosineYz+田allahan
etal.(1992)Biochemistry31,4562-4573]bUtsomebridgingligand;(5)thedoubletcomponentcaiiariseonlyfromthe
weakly-coupledMn4-radicalcomplexesSatisfyingtheconditionsforasmallnear-isotropicinteraction(IJ121s:100-200
G》IDi21)andhavingthetetramericeffectiveMn-spinswithapPreciablehyperfrinecouplingconstants,indicating(6)the
radicalmuStf()rmthethirdasymmetrically-bridgingligandbetw㏄ndi(μ一〇xo)bridgedMna ln)andMnb(IV)ionsonthe
oppositesideoftheotherpairofMnc(IV)andMnd(IV)ionsinanasymmehicMn-tetramerwhosespinstateis
approximatelygivenbyΨi(1/2M)=cosgolSab(1/2)Scd(0)Sl(112)M>+sinθolSab(1/2)Scd(1)Sl(1!2)M>w輌thθo=62。～-
650,and(7)theradicaltakestheg-valueofca.2.Ol1,which▲smuchlargerthanthefreeelectrong-value(ge=2.0023),
nearlyequaltothatofOH・(=2.011)andslightlylessthanthatofO2"(=2.015),indicativeofanoxygenイichmoiety
ratherthananaromaticaminoacid.Thesefindings,togetherwiththereportedstoichiometryofprotonsreleasedduring
thenomalS-statecycle,evidentlysuggestthattheradicalasthephmarywater・oxidationproductwouldbemostlikely
(HO-)(HO')or(HOOH◆)',beingboundonthecatalyticmicrosurfaceofthedi(μ一〇xo)Mn2(III,IV)subunitinboththe
normalandthemodifiedS.3st飢es.
KeyW・ ・ds:Ph・t・y・t・mll1Wate・O・ida・e/El㏄t…P・・am・gneti・R・…ance/Mangane・eCluste・/Ca2+ノ
OxygenEvolution
1.lntroduction
Manganeseandcalciumarevitalcofactorsfor.the
photosyntheticO2evolutionthattakesplaceasaresuk
oflight-driven・wateroxidationinplantphotosystemII
(PSII).TheO2-evolvingcomplex(OEC)
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phenomenologicallycyclesthroughfiveredoxstates,
denotedasSi(i=0,1,,4),dependinguponthenumberof
el㏄tronsabstracted」fromtlereactioncenterP680+:
onlySlisstableinthedarkandS4representsa仕ans己ent
statejustbefbreemittingO2duringtheS3→(S4)→So
transition[1】Thestoichiometryoffourprotons
released加mtheenzyme-substrate(water)complex
duringqnS-statecycleisthoughttobemostlikely
l:0:1:20ntheSo→S1:S1→S2:S2→S3:S3→(S4)→So
transitions,although由eo由erpossibil"ycannotbe
ruledout.Theactivesiteofthisenzymehasbeen
recentlyevidencedtocontaiRfburmanganeseandone
calcmmionsfbm加ganexchange-coupledMn-tetramer
(Mnj)[2,3】,withtheCa2+ionbeingboundnearby[41、
Themolecularandsubmoleculars血ctureoftheMn4
complQxandwhetheritaccumulatesallf〈〕uroxidizing
equivalentsbefbrewater・oxidationinresponsetothe,
fburSuccessivecharge-separations,hasbeenasubject
ofvigotousdebate(s㏄themostrecentcomprehensive
rev輌ews{5】),
Sinceaparamagnetic55Mnionhasanuclear
spinI=5/2・stronglyinteractingwith血eelectronicspin,
thelOw-temperatufeEPRspectroscopycanprovidea
uniqueandd註㏄tmethodtoinvestigatenotonlythe
moleculars血lctureoftheMnclusterbuta]sotheroles
offoUtMnionsihstoringtheoxidizingequivalentsand
servingasthecatalyticsiteofwaterdecomposition.
Below35K,DismUkesandSiderer[61firstdiscovereda
broadEPRsigna1,named'`multilinesignal"becauseof
itscontaining18-20hyperfinelinesspacedby85-90G
aroundg=2.OatX-bandfヤequency,andascribedittoan
S=1/2Mn-dimerorMn-tetramerintheS2state.Itis
generallyagreedthatthemultilinesignalarisesfroman
S=1/2groundstateofatetranuclearMn4(lll,III,m,IV)
orMn4(III,IV,IV,IV)cluster[51.WhenthePSII
membranesaredepletedofoneCa2+ionperPSIIby
low.pl{treatmentandthenareilluminated,analtered
multilineEPRsignalwith=26hyperfinelinesspacedby
55-65G,whichisratherstableindarkness,appears,
indicatingthattheS2stateMn-clustercanpersistina
modifiedf{〕mi血血eabsenceoftheCa2+cofactor[7-9】.
Avarietyofalteredmultilinesignalswerereported:e.g.
treatmentwithNH3yieldedasignalhaVingmorelines
(21-22vsl8-20)andsmallerhyperfinesplitdngs(67.5G
vs87.5G)thantheunmOdifiedsignal[10].Such
remarkablesensitivityonsampletreatmentwas
attributedtoasensitivityoftheeffectivehyperfme
couplingconstantsonsmallchangeoftheexchange
interactionswithinthecluster【2,11].Theproper
quantumtheory[21revealedthatthemostprobable
clusterconfigurationrespons輌blefbrthemultilinesignal
wouldbeatetranuclearMn4(川,IV,IVJV)complex
輌nvolvingastrongantiferromagneticexChange
interactionbetweenMna(III)andMnb(IV)ions(JabSa・
Sb;Jab=200-300cm'1)andtheotherintermediateor
weakones(JijSi・Sj;IJijl<ほab輌≠ab).Thisassigrmept
tothehigher-vakentstateagreeswithrecentrefined
analysesoftheMnpre-K-edgeXANES(Xイay
AbsorptionNearEdgeStructure)口2】andprincipal
XANES【4]spectra.TheRequirementofonlyone2.7A
Mn--Mninteractionpresentinthetetramer,however,
eemstobecontradictorytotheEXAFS(ExtendedX-
rayAbsorptionFineStructure)data[4】.
AsecondbroadEPRsignalwassoonfbundto
appearataroundg=4.1-4.2inadifferentS2state
{13,141.This"g=4"signalwasfoundtobe.mo(∬fiedby
treatmentwithNH4Cl【15】,buttodisappearbyCa2+-
depletion.TheNH3-modifiedg=flsignalsfropaoriented
PSIImembranes,whicheXhibitatleas口6part▲ally
resolvedhyperfTmelinesspacedby36Gl15】,werewell
simu]atedbasedontheassumptionthatitwouldarise
fromamiddleKramersdoubletofthelowestS=5/2state
ofaMn4(m,IV,IV,IV)tetramerdifferentfromthat
mentionedabove川],substantiatingarecent
proposall161.ConsistentWiththistheory,astrong
experimentalevidencefφrtheheterogeneityof
paramagneticspecieshasbeenprovidedbyinteresting
correlationbetweenthemultilineandg=4signals【17,18].
AnybroadEPRsignalduetoS3hasbeensought
invain.Nevenheless, newEPRsignal !うsingfroma
f・mh・IS3・輪hasb・e・ ・ep・㎡・di・Ca2+-d・pl・t・d{7-9],
NH3-treated[19]andacetate-treatedl20]PSII.ThisSゴ
signalhasthefbllowingcharacteristics:(i)Itiscente佗d
at.g=2.004;(ii)thespectrumhasacomplexstructure
mainlyconsistingofanarrowdoubletwithanear-
sym1netriclinewidthanda100-240Glinewidth,which
(52)
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sensitivelydependsuponsarnpletreaぬents,餌dapair
ofbroadwingsasymmetricallyextendingovertherange
2950-3860GatanX-bandfrequency【]91;(iii)the
in重ensityobeystheCurielawonthetemperature
dependence工21】;and(iv)itsintegratedsignalareaisonly
23%ofthatoftheS2multilinesignal[22】.
Boussacetal.123]explainedthedoublet
componentoftheS3'signalbyassumingthatthe
S2'→S3'transitionoccuninginCa2+-depletedPSII
correspondstotheoxidationofhistidinecapableof
magneticallyinteractingwiththeSl=1/2Mnclusterin
theS28sta砧.Thisexplanationismainlybasedontbe
observationsthattheopticalabsgrpdondifference
spectrumbetweenS2andS3issimilartoanabsorption
spectrumof[His-OH】・radical【24」,andthatthe
XANESspectraobservedjntheS2andS3(65%S3,
35%S2)states【25]areindistinguishable.Anahemadve
originoftheS3'signalwasrecentlyproposedby
Hallahaneta}.{26】tobeatrappedtyrosineYz+・instead
ofHis・,althoughtheexperimentaldatawerepointedout
tobeartifactUalduetotheu.9eofsaturatirigmicrowave
powers[27].Thesemodels,however,coniradictrecent
measurementSoflaser-flashinducedXANESspectra
froMboththecontrol[28]andtheCa2+-depleted【29]
PSII,indicatingthataMn(m)orMn(IV)ionorits
directligandwasoxidizedupontheS2(S2')→S3(S3')
transition.Furthermore,anymodelofphotooxidationof
aparticularproteinresiduehasaseriousdifficultyin
explainingwhythenormalS3statecannotshowsucha
characteristicEPRsignalcenteredatg=2.
Inthispaper,itwillbeshownthattheS3'signal
canbe爬gardedasthefirstexperimentalevidenceofa
primarywateroxidationprocesstakingPlace叩onthe
S2→S3transition.Wefirstderiveaneffectivespin
hamiltonianforaparamagneticMn4-radicalcomplex
whichisassumedtoconsistofc皿pledhalfspinsofthe
Mn4(III,IV,IV,IV)-tetramer(SFl/2)andtheligand
radical(S2=1/2).Next,wedeterminethesinglet-triplet
energylevelsan(hheEPRtransitionprobabilities,by
invokingthesecOndorderperturbationtheory.Next,we
examinewhatmodelMn4-radicalcomplexescanexhibit
a90-240Gauss-widedoublet・spectrumindicativeofa
veryweakrnagneticinteractionbetweentheSlandS2
spins,byadoptingthemostprobablemodelcomplex
whosespinstatevectorcanbeexpandedasdescribedin
theaboveabstract.AsforthismOdeRcomplex,we
investigatesomecriticalrolesofthephaseangleθoon
theSゴEPRsignal,invoヨvingthreeh血pOrtanteffectsof
①a"magicphaseangle`'whereapairofMnspins
effectvelyvanish,(ii)theeffectiveexchangeinteraction
Jl2and(iii)themagneticdipolar輌nteractionDi2
betweenS!andS2,andsimulateareportedS3`signal
[231togetherw油predictionsoftheorientation
dependenceand也eHのisotopeeffect,byassumingan
i曲omogenθousJ12distribution.Finally,wediscussand
summarizesomereasonswhytheradicalmaybe
exclusivelyassignedto(HOOH・)≡,whichispredictedto
beboundasthethirdb1idgingligandbetweendi(μ一〇xo)
bridgedMn(1n)andMn(IV)ions.
2.TheSpihHaロ血iltonians
InboththeS3andtheS3'states,theparamagnetic
centerisasstimedtoconsistoffourexchange-coupled
MnspinsinthecatalyticMntetramer(Si,i=a,b,c,d)
andoneradicalSpinnearby(S2)・ItstotalSpin
hamiltonianinqmagneticfieldBcanbewrittenas
Htot=HMn+HR+Hint,
d
HMnニ ΣJijSi・Sj+ΣβSi・ai・li
1>jt;a
d
+ΣSi・Dij・Sj+ΣSi・Di・Si'
1>」1=a
HR=βS2・92・ β+ΣS2・ak・lk,k
d
Hint=Σ(Ji2Si・S2+Si・Di2・S2),
i=a
(1)
(2)
(3)
(4)
wheretheva1ioustermsrepresenttheisotropicexchange
(JijSi'Sj),electronicZeeman(βSi'9i'B)・nuclear
hyperfine(Si・ai・Ii),crystalfield(Si・Di・Si)and
magneticdipolarplusanisotropicexchange(Si'DiゴSj)
interactions.Theconstantsinvolvedherehavealltheir
usualmeanings」ntheexpressionofHMn,weimplythat
theJijvaluesintheS3-statew皿ldbedifferentfrd血
thoseintheS2-stateowingtoafurtherdistortionofthe
Mntetramerupop血eS2→S3transition・HoWever・this
differencemay.notbelargeenoughtodestabilizethe
(53)
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singletgmundst誕e,because(1)也edoubletcomponent
alsoobeystheCudelaw{21]and(2)thespin-lattice
relaxation目mesof由eYD+EPRsignalduetothe
paramagneticMnspinswereesSentia】】y也esameinthe
S2andS3statesl30】.Hence,thespmstatevectorofthe
Mn-t甜amerinS3isintheze耐hapPmximationgiven
bytheS1=112groundstateoftheexchangehamiltonian
inHMnandcanbeexpandedas
wi出
Ψ1(gM)一…e・1S・b(1ロ2)・・d(・)Sl(t)M>
11
+si"6・IS・b(三)S・dq)Sl(三)M>・
、an2θ。..3Pi・J-,
Jcd-J+
(5)
(6)
underthegroundstateconditionJ-tanθo<0,where・
」±ミ1㏄±Jhd-(JbcコJbd)/2andplO={V(513){brModelI:
Mn4(III,IV,IV,IV);V(8/3)fbTModelII:
M哨((II,IV,III,m)}12].Namely,theS3-stateMncluster
canberegardedasasinglet一垣p mjxingsystem
consisdngoftheMn-tetramerwithspin
Sl=IS,+Sb+Sc+Sdt=1/2andaradicalwithspinS2=112.
Then,theeffectivespinhamilto皿iancanbereadily
derivedbyavectorpr{)jection叩ethodbasedonthe
Wigner-Eckarttheorem[31]:
with
H・ 一{SS1・91・B・Sl・£Pi。、・1、}
i=a
+{βS2・92・B+S2・Σak・lk}
k
+J12Sl・S2+S1・Dl2・S2,
d
91=ΣPigi,
i=a
ll
Pi=〈Ψ1(GM)岬Ψ1(SM)〉・Pi=
d
J12=ΣPiJi2,
i=a
d
D12=ΣPiDi2,
i=a
Si'Sl
,S1(Sl+1)
(7)
(8)
(9)
(10)
(11)
Here,itsh皿ldbenoted`thatthezero-fieldsplicting
termsotherthanDi2(i=a-d)exactlyvanishbecauseof
S1=S2=112<1.Thus,wefindthatboththe▲sotmpic
(Jl2)andtheanisotrop輌c(D12)i脆teractionsbetweentwo
halfspinsstronglydependontheradicalbindi血gsiteand
alsoontheconf(}rma重ionalstateoftheMntetramer,via
{Pi,Ji2,Di2}.
Theessentialroleoftheoff・diagonalmat徹
elementsofp呵ectionoperators{P∫}Ontheeffective
spinhamjltonianViasfirstdemonstraledinref2.In
AppendixA,wegivegeneralforrnulaetoanalytically
calculatethematrixelementsof{肩;i=a-d}.Applying
themtothepresentsystem(Sa=2,Sb=Sc=Sd=3/2)yields
2
pa(0・)ニー2pb(9・)=5(1+2cos20・)・
1
Pc(θ・)=丁(1"cos2θ・)+P1・sin2θ・・
l
pd(θ・)=5(1-cos20・)-PI・sin2θ・・
(12a-d)
ThePi(Oo)vsθo佗1ations(i=a-d),whichareplottedin
Fig.1,significantlydisplaythatbothPa(θ0)andPb(θ0),
hencetheeffectivespinsofMna(m)andMnb(IV)ions,
vanishat60=全60。,andPc(θo)andPd(Oo),he皿cethe
effectivespinsofMnc(IV)andMnd(IV)bns,doat
Oo=0。.Sincearadicaldir㏄tlyboundtotheithMnionis
usuallシconsideredtointroduces1エonginteractions
betweenthem,Ji2andDi2,thepossibilitytha杜he
effectiveinteractions,」▲2pi(θo)andDi)pi(θ0),could
almostdiminishatsomeconformationalsubstateofthe
Mnclug,terisexactlyconsistentwiththefactthatthe
normalS3-statedOesnotshowanyEPRsignal,while
somemodifiedS3'-statedoesthenarrowdoubletEPR
signalwithdleseparationof100-200G,indicativeofa
dramaticdecreaseoftheeffectiveinteractions.This
decreaseisexp㏄tedtobeof2-30rdersof.magnitudein
thep爬senthypothesis.Namely,areasonwhythenomlal
S3-stateisEPR-silentmaybethatitcouldbeinthe
singletgroundstateduetotheantiferromagnetic
exchangeinteractionJi2muchlarger仙}ankT.Forthe
S3'statetoexhibitsuchanarrowdoubletsignal,D12
mustalsodramaticallydecreaseintheorderof
magni伽deatleasttothesamelevelasJ12.Sincethe
dipolarinteractionhasthelongrangenature,this
(54)
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conditionimposessomeusefulrestrictionstothe
possiblemodelsofMncluster,aswillbeshownlater.
Usually,Di2consistsoftwocontributionsfrom
thedipolarandpseudo-dipolar(anisotropicexchange)
interactionsbetweentheithMnandradicalspins.The
formermaybetreatedinthepoint-dipeleapproximation
andtakesthemagnitudeoftheorderof6Bolri23at
separ劔ionri2:thetypicalvalueisO.3cm'1(=3210G)at
ri2=2A,b㏄auSeBo=0.4330cm-1(=4637G).On也e
o也erhand,thela"erisknowntoarisefromacombined
effectofthespin-orbitcouplingHLsi=A,iLi・Sif()rthe
ithMnionandtheanisotropicexchangecoupling
betweentheMnandradicalspinS.Asimplefbrmula,(gi
-2)2Ji2*,[321hasbeenwidelyadoptedtomakethe
order-of・magnitudeestimation.Sinc6g-valuesofMn
spinshavebeenobservedtobe,typically,{9⊥=1.993,
glF1.963}fbrMn(m)ion[33】and{g⊥=2.000,
glF1。995}forMn(IV)ionI34],ifthisformulais
apPlropriate,thepseudo-dipolartermmightbeneglectcd
inthecaseofMn(IV)ion,butnotinthecaseofMn(lll)
i・ ,beca・・ei・whi・hDpd…ld・m…tt・0」3・m'1・t
gi=911=L963byassuminganoverestimatedvalueof
Ji2㌔100・m-1(・eeSecti・・3).H・weve・,w・have
showminAppendixB也at血isformulaoverestimatesthe
Dp・by・血 ・t・82・5∫2・160,andhen・・thi・p・e・d・-
djpolartermmaybeneglectedinthepresentproblem.
Thus,onemayassumethaゆ12takestheform:
with
and
Dl2(・・)・…D召
(t5)
弓 ・・β2ξ禦1-・c・s2θ ・2)・
D12(・・)・÷(D5・X-DY・Y)
弓 ・・鴨 撃 ・in2・・2c…φ12・
(16)
whereasetofpolarangles{ei2,φi2;i=a-d}mustsatisfy
thefollowingrelations:
and
D習=D榎=
;・・β2、曇9i讐o)…2θ ・2…2φ1・…('7a)
D6Y=D響 一 ・
;・・β2、…9i隠θ0)…2θ・2・φ・2…(17b)
D浮=Di努・
÷・・β2、…9'警Oo)…2・・2…φ・2-・{'7c)
3.EnergyLeyelSandTransitionProbabilities
Dl2・騨12-3(9言ri2)(ri292邊)]pi(・・)・ 13)
wheresubscripttrepre.gentsthematrixtranspose
operation,andri2isthecoordinatevectoroftheithMn
ionrelativetothecenteroftheradicalspin.Letusput
th・pri・・ip・laxe・・ften…D12t・b・X・Y・・dZand
assumeforsimplicityallthegi-tensorsineq13tobe
isotropic.Then,intheXYZcoordinatesystem,.wehave
D12=
El2-D12/300
0-E12-D12/30
002D12/3
(14)
Inordertosimplifythepresenteigenvalue-eigen
vect・・p・ bl・mf・・血 ・e倣tive・pi曲・mi]t・・ianH*・f
eq7,whichcontainsanumberofnon-collinearg1,g2,ai
(i=a-d),ak(k=e,..)andDl2tensors,weassumethatthe
anisotropyoftheD12tensorpredom輌natesoverthe
otherswhichwillbeneglectedexcepttheirpossible
cont品utionsto也eGaussianlinebroadening.Whena
highmagneticfieldBisappliedinadirectionwithpolar
加g|es(θ,φ)intheXYZcoordinatesystem,itpπovides
thebestquantizationaxisぐ,z-axis,')notonlyfbrthe
el㏄仕onicspinsSlandS2,yielding也erespec"ve
Zeemanenergytemms,β91BSlzandβ92BS2z,butalsofbr
thenuclearspinsli(i=a-d)andIk(k=e,…),doingthe
lesp㏄tivehype㎡inespli"ingtermsdominatedby
(55)
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ΣPi(θ0)aiSizlizandΣakSkalkz.
i=ak=e
Thisnewxyz-coordinatesystemcorrespondstothe
laboratoryframe,inwhichtheprincipalX,Y,andZaxes
havethedirectioncosinesfomingaunitary
tranSfOrrnatiOnmatriXU:aCOnVenientChOiCeiS
S輌nφ,COSθsinθ,sinθCOSθ
U=-COSθ,COSθSinφ,SineSinφ
0,-sinθ,cosθ
(notethatthex-axisliesintheprincipalXY-plane).Then,
thetransfortriedmatrixUtDs2Ucanbereadilycalculated,
yieldingadipolarinteractionhamiltOnian
1,
HD=A(θ,φ){Sl,S2z一ぎ(Sl+S2_+Sl_S2+)}+HD,
(18)
N㎞14(1996)
H6({mlD=[β9iB+2h1({mli})】Slz
+(βg2B+2h2({mlk})]S2z
+{Jl2+A(θ,φ)}SlzS2z
1
+Z{2」12-A(0・φ)}(Sl・S・一+SI-S・)・
{21)
with
1d
hl({mlの=認 嗜a・m・
lh
2({Mlk})=一Σaimik.2
k=e
Theeigenvectorstaketheform
IΦ,〉=α(1)P(2),
1Φ,〉ニ … ◎ α(1)P(2)・・i・◎P(1)α(1),
1Φ、〉=一 ・i・Oα(1)P(2)・… ◎B(1)α(2),
1Φ4>=P(1)P(2),
(22)
{23)
(24a-d)
with
and
A(e・φ)-D12(・s2θ一〉)・El2・・n2・…2φ ・ (19)
ロ
HD=EI2sinθsin2φ(SlxS2z+SlzS2x)
1
+i(E12cos2φ一D12)sin2θ(SlyS2z+SlzS2y)
一>1{E12…2φ(1・…2θ)・D12Si・2θ
+2iEl2sin2φcosθ}sl+s2++h.c.】,
(20)
whereSj±…≡Sjx±iSjy(i=1,2)andh.c.standsfbrherm栢an
conjugate.Ineq18,thefirsttemrepresentSthe
importantconservativemotionofanelectronictotalspin
(△M=0),whilethesecond(HD')doesanon-
conservativeonewith△M=±10r±2,whichwillbe
later負〕undtobenegligible.Ontheotherhand,the
motionsofthenuclearspinsareindividuallyconservative,
i.e.△mn=0(i=a一切and△mlk=0(k=e,..),inthe 、first
orderapProximationofeachhyperfinecouplingterm.
Thus,theenergylevelsdesignatedbyasetofnuclear
spinquan加mnumbers,{mli=-512,…,512貢)r55Mn}
and{mR=-1k,・ ・,Ikfbrnuclearspinsintheradical},
canbeob佃inedbydiagonaljzjng血ezerothorderspin
hamiltonian:
andthecOrrespondingeigenvaluesaregivenby
with
El=13B(g1+g2)/2+hl+h2+(J12+A)/4,
E2=一(112+A)/4+C,
E3=一(J12+A)/4-C,
E4=-13B(gl+92)!2-hl-h2+(Jl2+A)!4,
(25a-d)
θ一Tan-'【2C一βB(慧2(h「h2)]・
C=
(26)
βB(9r9,)・hl-h2}2+一(」12
A)2
(27)
WhenanoscillatorymagneticfieldBvatfrequencyvis
apPliedalongadirectionperPendiculartoB,the
perturbationhamiltoniantoinducethetransitionsis
givenby
1-2πivt
田t)=ラB・ β1(91Sl・+9・S・・)e
+(91Sl.+92S2.)e2πivt],
(28)
(56)
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Theselectionrule△M=±1picksupfourpossible
transitions:3→1,4→2,2→1and4→3,withthe
relativeintensitiesgivenby(91cose-92sinO)2,
(91cosO+92sinO)2,(92cosO+91sin◎)2and(92cosO-
91sinO)2,resp㏄tively,andwiththeresonancemagnetic
fields:
B31・B.-B、 。,,べ[(B-+B、.、,.)2+B、 。、3],
B、,・B.+B、,、 ,.一 【(B.-B、。、,一)2+B、。t,;】,
B21・B.-B、nt
,.+[(B.+B、fi、,一)2+Bi。,,3】,
(29a-d)
B43=B++Bint,++
respectively,Where
hvll
B・=s3(9±
92
91±92B
int,±4β
9i92
1
1(B--B、.,,.)2+B、。t,;】,
Bint,O一
bih2)一( ±) ,β
9iβ92
(Jl2十A),
2β偏
1
(」12-5A)・
(30a/b)
(31a/c)
(31b)
1皿thisapproximation,theEPRsignalmustbesymmetric
contrarytotheobservationshowingasrnallasymmetry.
Onecana面butethisasymmetrymainlytotheoff-
diagonalcomponCntsofthestronghyperfinecouplings
betWeenmanganeseelectr・nicandnuclearspins・Inthe
secondorderperturbationtheory,thiseffectapPearsas
theshiftsofenergy]evels:
△Eゴ=一△E4』(D122/32bv)(1+cos20)sin2θand
△E2」△E3」0(al"heenergydenominatorsare
approximatedbyhv):Atθ=45。,tleshiftsareestimated
tobelessthanlGwhenD121<300GatX-band
frequency。Hence,wecansafelyneglectit.
Itwouldbeinstructivetoconsidertwolimiting
ゲ ロ
SltUatlons:
(i)Theレγeakcouplin8timitごJ12→0,A→O
Inthislimit,theEPRabsorptionsbyspi血s,Sland
S2,mustbeindependent.Infact,withOdefinedbyeq
26usingTan-1(一πノ2≦0≦ πノ2),thefourtransitions
becomeseparabteintotwogroupsbelongingtoSland
S2:e.9コn血ecaSeofgl=92,theSl1S2groupsare
describedbyacouple.ofresonancefields:(B3」,B43)ノ
(B21,B42)withO=Oforhl>h2.and(B21,B42)1(B31,
B43)withO=πノ20r一π12(accordingasJ12-A12>Oor
<0)f{)rhl<h2,respectively.
(ii)Thestrongexchangecoupting∬imit:IJ121>>IAI,19r
921hv,lhll,andIh21
1nthislimit,thespinsystemsplitsintosingletand
㎞pletleΨelsandtheEPR-susceptibletripletlevels
become(1,2,4)withO=lt/40r(1,3,4)withO=-rt/4
accordingasJ12>OorJii<0,resultinginthe
asymptoticfommsoftheresonancemagneticfields:
and
B21/B31=(91+g2)hv2(hl+h2)
2β9192β(91+92)
・1,i
,　(曇一li)2+豊
(91十92)hvB
42/B432β9
i92
-ri
,,1{(オー92
2(hl+h2)
・3
-一:・A
8
β(91+92)
h・)・
+A2}.
64
3
+-A
8
(33a/b)
AEI({m・D・
、ξ(号tl2{1(1・1)-m・(m・+1)}・
△E2({m駈})=cos20△El({mli}),
△E3({mBD=cos2◎△E4({mli}),
…({m・⊇ 号篶2{1(1・1)-m・(ml「1)}・
(32a-d)
whichinturnleadtotheshiftsofresonancemagnetic
fi・ld・・Bij→Bij-(△Er△Ej)ノ2β・Finally・w・m・t h・・k
theeffectofHD`ofeq200porientation-dependentlevel
shifts.Inthecaseofaxialsymmetry(E12=0),wehave
(33c/d)
Notably,thefact重hattheeffectivehyperfinecoupling
fieldsofthesecondtermsineqs33a-dareanar紋hmetic
averageofhiノβandh2/βrepresentsaphenomenonof
exchangenantowingI35].Evidently,thislimiting
behaviorcoincideswiththeobservedwingsspreading
overaboutahalfrangeofthemultilinesignal.Then,the
intensityoftheEPRsignalmaydependontemperature
TinproportiontotheBoltZmanndistributionfUnction,
(57)
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11+exp(Jl2/2kBT)1'1,whichtendstolwhen-Jl2>>kBT,
andOwhenJi2>>kBT.But,weremarkthatevenat
heliumtemperatUrekBTmaybestillmuchlargerthan
theJ12inthis1imit,「esultinginatemPe「atu「e-
independentEPRsignal.
4.TheEffecti▼eSpin・Spin亘血temctions:」12andD12.
Boththeexchange(Jl2)andthemagneticdipO}ar
(D12)interactionsbetweentheSl=112Mn-tetramerand
itsligandradicalcandramaticallychafigedepending
uponthesrmcturalandelectronicstatesoftheMn
clusteriThefleXibilityofthesespin-spininteractidns
rnainlyarisesfromtheexchangeinterhctionsbetween
Mnandradicalspins,whicharedefinedby(s㏄
AppendixB)
・、2.-2箋`∫drk∫ ・,、d:Ψ、(rk)
2Sl+1k=1
{1義1・K(・k・r2)}Ψ;・・(r2)
〔
(34)
{i=a-d),mwhichthesecon(ltermrepTesentsallthe
possiblesuperexchangesor"kine目cexchanges"【35】ダas
wellastheweai(orintと㎜ediat6superexchange
interactionswithintheMn-tetramer{Jij,ij≠ab}.
Firstly,weconsiderthe"direct"oピ'potential"
exchangetermineq34:Whenorthogonalorbitalsare
assumedbetweenanunpairedelectronoftheradica1
(Ψ2)andthe3d-electronsoftheithMnion(dk;k=1,
2,_,2Sj),eachintegralineq34,whichisnecessarily
negadve(ferro)becauseitistheself仁energyofthe
(・・mplex)・h・・g・di・Uib・ti・・dk*Ψ2(・)(≡dk*{・)Ψ2ω)
[35],canbereasohablyestimatedtobeεk22UCk2=
lx1()4εk22cm'|,whereεk2isac・emcientin也e
expansiondk=dk(o)一εk2Ψ2+…,Utheinteratomic
Coulombrepulsion(=13eV)andCk2areductionfactor
duetotheMac-W㏄ny'stheoremIbrtheexc臨nge
integral(胃10"1)[35】,sothatweobtain
JI2xs-・・1・4・
2s≒1竃 ・1・(・rii一り
+superexchangeterms; (35)
sinceapredominantεk2islikelyoforderO」toO・2,the
firsttermisexpectedtobeoforder-40to-160cm'ifor
Mn(III)and-50to-200cm'1forMn(IV)輌on.This
estimationonlygiveStheupPerlimitoffertomagnetic
exchangeinteraction.Inreality,however,some
antiferromagneticsuperexchangebipathsmustbe
available,sothattheeffectiveJi2maybesubstanSially
reducedandevenovershoottoweak-antiferromagnetism
(e。g.-20cm'1くJi2〈20cm-1).Thus,wefindthatthe
Ji2mustbequitesensitivetoamodificationofΨ2dueto
thechangeofsurroundingelectrostaticfieldag,wellasa
conformationalchangeofligandcoordination.
Basedonthesefindigs,weproposethatthe
nommalS3-statewouldbeEPR-silentbecaulieofi{sbeing
inthesingletgroundstatewi血Jl2》kBT,whilethe
modifiedS3'-statewouldbeinhomogeneous,involv▲ngat
leastthreeformsoftheMnclusters:・formland
fbrm2specifiedbyIJ121=100-200Gand100-200G《
IJ121《kBT,respectively,whichwouldbeminor
componentsresponsiblef()rthedoubletandwingsinthe
S3'signal,respectively,andfrom3withJi2>>kBT,
whichwouldbeamajorEPR-silentcomponent,aswas
evidencedbytherecentpulsedEPRexperiment【22】.
Ontheotherhand,themagneticdipolar
interactionDi2cantakeamagnituderangingfrom3210
Gatri2r2Atol18Gatri2=6A。Sincethedoublet
componentindicatesthattheanisotropicinteractionD12
mustbeassmallasorlessthantheisotropicinteraction
IJI21=100-200G,theMnclusterlmustbeina
"conformationalsubstate(CS)†`withasetof
sUPerexchangeinteractions{Jij}yieldingapairof
vanishinglysmallef6㏄tiveMnsp輌ns,either{PaS1,
pbS1}atθo=±6000r{pcS1,pdS1}atθo=Oo(seeF▲9.
1),towhichtheradicalisdirectlyboundatasitegiving
risetonolargeresidualanisotropycomparedwiththe
Jl2.InthecaseofdistortedtrapezoidMn-tetramers
(whichmaybeingeneralnon-plahar),whichcoversa
largebodyoftheMntetr㎜ersotherthancompact
cubanes,therewouldbeonlytwopossiblesitesas
depictedinFig・2AandB,b㏄ausetheotherbinding
sitesmustbeaccompaniedby'toolargeDi20forder
300-700GmainlYbecauseoftheirshorterdistancesto
thenearestMnioninanotherMnpair:InmodelA,the
(58)
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radicalconstit咀esthethirdbridgeligandbetweendi(μ一
〇xo)bridgedMn(III)andMn(IV)ions,and,inmodelB,
itdoessomebridgeligandbetw㏄ntheotherMnions.
ModelA:
輌▲Theeffect輌veexchangeinteract輌oη」∫2
ThisisdefinedbyeqlOwitheqsBa-dandcanbe
expandedaroundeo=±60。asalinearfUnctionofθo:
with
」12"Jo"[(1-n)2+ξ](θo一θf)≡JA△Oo, (36)
J"… トk(…2-・b2)・ 去(・・2+・d2)
(3,)
±3PlO(Jc2-Jd2)・
Jc2+Jd2ξ
≡
η≡±
万J合'
PiO(Jc2-Jd2)
,
(3S)
and
?
??
・↑・±;・÷
π=± 一 十
3
(1一η)2+ξ},
(38)
{1一η 一
Jc2+Jd2
8(2Ja2-Jb2)
(39)
Thus,wefindthatJ12VanishesatθoニθJへw垣chwillbe
called"amagicphaseangle?'.ejAmustbectoseto±
600b㏄ause,usually,Jc2《12Ja2-Jb21andJd2《12Ja2-Jb21,
2
?
?
?
?
?
???
??
?
?
?
??
?
」?
・2
P日
司一Pc
Pd
＼P
b
・90 ・60 ・30030
‖⊃h8seAngIe,θo{deg)
60 90
Fig.1EPRhyperfTineprojectionfactorsvsthephase
angleθorepresentingaspin-hybridizationbetween
コ コ コ む
Scd={}andScd=1compositespineigenvector9・,tna
Mn4(III,IV,IV,IV)complexwiththeother
compositespinSab=1/2fixedtogiveatotalspin
S1=1/2.
butitsdeviation飾om±60。wouldbebynomeans
negligiblebecause,fbrinstance,itamountsto2.7。even
f(〕rξ=-0」andηrO.0.Thepresenttheoryhas1血egreat
advantageoftheflexibilityofparameter12J,2-Jb21,which
cantakethevalue・f・rde∬anging廿・mlcm4t・100
cm'1,dependingonhow也emolecularorbitalofthe
radicalspinisextendedalongtheb亘dge・Theother
flexiblepa㎜eteris△θo=θo-60へwhichisasensitve
fUnctionofalltheexchangeinteractions,{Jij}and{Ji2}・
andcantakeanyvalueif血eMnclusterisappropriatelY
modified.Forinstance,wecanreasonablyimaginethat
thevaluesofJoAand△θoareoforder,±1cm-1and
±0.5。,±10cm'land±10。,and100cm'land±10。inthe
Mp4-radicalcomplexinform1,2,and3,resp㏄dvely.In
Fig.3,weplottheJl2vs△θerelationsfbrsome
reasonab▲eva知esofJA.Aremarkablereductionofthe
effectiveinteractionshouldbenoted:eig.」12=0.Ol5
cm-1(experitnental)isobtainedfromJA=1cni-lby
assu面ng△θo=O.9。,whichislikelyenoughtohapPen・
Next,weaskvVhatconformationalcharigehas
occurredintheMn-radicalcomplex1.lnCa2+-depleted
PSIImembranes,achangeofthephaseangleθofromca.
'450(thischoiceofbranchcorrespondstothecaseofJ.
>Ointhegroundstate)toca.-600upontheS2'→S3'
transitionisfoundfromeq6tobeequivalenttoachange
S2=1/2
、一一小 一1・1・i
ll
lt
MnllI
Mnlv
Mnlv
Sl=112
A
Mnlv
Mn`lt
MnlV
Mnlv
MnIV
;:
1-一▲、一`-i
S2=1/2
B
Fig2TwopOssibleligationmodelsAandBofan
unknownradicalWhosespinS2=112canveryweakly
interactwithaspinS1=1/20ftheMn4(III,IV,IV,IV)
tetramer,(lefinedinFig.11egend,atθ0=±600(A)
or=oo(B).
(59)
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ftvm
J、d=J+=(J。d-0.5Jbd)+(J.-O・5Jbe);
intheS2'-state
to
J、d'・・J.'+」三」二
={i-vg}{Jat'-O.5Jbe')
+{、β+1}σ 、d」0.5Jbd`);i・th・S3・t・t・,
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?
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Fig.3Theeffectiveexchange.i t ractionJl2asa
hmctionof△Oo=θo-6JA,showingaremarkable
、
300
reduc60nf缶mthenativeoneぱA)whichcantakea
valuとoforderlcin-1when2」,2andJb21argely
cat)celout.
withtheground・statecondition:Jac+0.5Jbd>Jad+
0.5JbcandJ.1+0.5」品'>Jad'+0.5Jbc'.IftheMn
tetramertakesaformofth¢distortedtrapezoid(Jad=
Jad'ncOandJbc"Jbc㌧vO),theserelationsreducetoJcd・
Jac-0.5JbdinS2'andJcd'完」1.24Jac'-1・62Jbd'inS3㌧
indicatingthatasignificantconformationalchangemusl
occurupontheS2'→S3`transition」f也eMncluster
takesano血erpossibleformoftrimerplusmonomerwil
」、d=Jbd=O,血eserelati・nsreducet・J、d=J.-0・5Jbe>
OinS2`andJcd㌧=-L24(Jac'-O.5Jbc')<OinS3',
indicatingthatJ,dmustchangefromant輌ferromagnatic
toferromagnetic叩onthistransition・
i匡川he蜘gneticdipolarinteraction・'D/2
Boussacetal.[23】observedthatthedoub皇et
lineshapeoftheS3,signalissignificantlycloseto
symmeUic,孤dwereobligedtoassumethatthed崎
X
x
??
?
†Zm
X
?
㌔
▲
H
β
Red
b
H
ModelA ModelB
囲g.4'Definitionofeights血ctUralparametersintwopossiblemOdelsAandBoftheMn4(m,IV,IWV)-radical
cOmplexwhichisassurhedtobeplaiitir,forsimplicity.EaChmOdelissubdevidedintoseveralplausiblesUbmOdels
definedinTable1.
(60)
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dipoleinteractionw皿ldresultinonlyabroadening
ratherthanasplittingoftheradicalsignal.Thefactthat
thesplittingisaresultofacorrelatedmotionofthetwo
halfspinsindicatesthattheassumptionmentionedabove
wouldbevalidonlywhenthedipole-dipOleinteraction
D12issmallerthantheisotropicexchangeinteraction
Jl2.Therefore,the]Dl2tensorshouldplayanotherkey
roleonthestructurestudyoftheMn4-radicalcomplexl
intheS3`-state.
InordertodemonstratehowtheZFSparameters
Di2andEi2approachzeroaroundθo=-60。,wewould
adoptaplana」rtrapezoidstructureforthe
Mn4(lll,IV,IV,IV)tetramerasillustratedinFig.4,
wherearadical,(HOOH・)',.isassumedtobethemost
probablebridgingligand,whichwillbejustifiedlater,
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and也eprincipalXYZaxesarerelatedtothemolecular
XmYZmaxesbyar伽tion脚oundtheco㎜onY-axls,
wi血theXm-axistakenalongtheMnb(IV)→Mna(III)
direction.Also,wedefineeightstructuralparameters:
{Rij;ij=ab,ac,bd,cd},p,q,αlandoり.Here,wewould
consideronlytwopossiblesubmOdels;Albeing
symrnetricandcompact,andA2beingasymmenicand
loose(adimer-ofLdimersmodelcannotbelongtomodel
A,buttomodelB),and,lneachsubmodel,wewould
havethreepossibleradicalbind輌ngsiteswhosestmctural
parametersaredefiBedinTable1.Fordlesesix・
submodelsofmodelA,thecalculatedDi2vsθo(thick
solidline),El2vsOo(thickdottedヨine)and《pvsθo(thin
solidline)relationsareplo"edinFig.5,athroughf.lt
shouldbenotedthat《phasbeenlimitedintherange,0
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Fig.5ThemagneticdipolarinteractionDi2asa'tensorfUnctio'nofθo'involvingtheDl2vseo(thicksolidline),E12vs
θo(dashedline)andΨvsθo(thinsQlidline)relationSinpOssiblesubmOdelsofmodelA:{a)Ala,(b)Alb,(c)Alc,
(d)A2a,(e)A2band(f)A2c(s㏄Table1).
(61)
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≦ 甲 ≦πノ2,sot㎞atEl2maychangethesignwhenΨ
crossesoveireitherboundaryof《P=Oor甲=π12.It
follows;(1)TheDi2vsθorelationisanalmoststraight
linewhichinters㏄tstheDl2=OaxiSatθ0=ODnear-60。
atidyieldstheIDi21valuelessthan50Ginthetherange,
100-ODI<△OD,dependinguponthecluSter
conformationandthecenterofradicalspin.Thevalues
ofθDand△eDaretabulatedinTable1.Thenarrower
therangeofthissmallIDI21is,thelowertheprobability
6fsuchaMn-radicalcoinplexis.Funhermore,themagic
phaseangleeJA,whichisexpectedtobeatmost圭6。
apartfroM-60。,mUstliei血thisrangeof60・Therefore,
frotnthestarldpointsofDi2andeJへweconcludethat
themostprobableMn4-radicalcomplexwouldbe
submOdelA2c,whichbindstheradicalattheMnb(IV)
site,とSdepictedinFig.4A.(2)Therhombiccomponent
Ei2takesalocalmax輌mumatslightlyabove-60。and,if
thelocalmaximumvalueislargerthan-50G,theremust
appearsomerangesofeodefinedbylθo・eEl<△θ in
whichEi2takesthemagnitudelessthan50G,asgiven
inTable1.AsfarasthisE12isconc亭rned,submodel
A2cwouldbemgstlikelybecauseitshowsmuchlarger
△θE(=2.9。)thantheothermodels(0.25。-0.6。).(3)
Significantly,theseregionsof⑤09ivingrisetothesmall
anisotropicinteractionsshowaratherlargeoverlapin
therange,60.70<-Oo<64.0。,whichsignificantly
coincideswiththepossiblerangeofθJAestimatedfrom
eq40w"husualconditionsO<Jc2+Jd2《2Ja2-Jb2.
Also,itshouldbenoted出atonlythisradicalbindingsite
c nbeconsistentwithasma川JAI.Therefore,we
concludethat血eMntetramermayconsistofadi(μ一
〇xo)Mn2(m,1V)dimericsubunitandtheothertwo
monomericMn(IV)ionsthataresomewhatlooselyand
asymmeUicallyorganized,andalso,theradiCalwouldbe
morestronglyboundtoMnb(IV)sitethantoMna(m)
sitein heMn2(Ill,IV)dimer.
ModelB:
i)Theeffectiveexchangeinteract輌onJ12
InmodelBwitheoxO(Fig.2),J}2givenbyeq!O
witheqs12a-dcanbeexpandedasapOwersedesofθO
andapproximateda§
with
Jl2・JB(θ。一θP)≡JB△0。,
JB-2Pl。(J。2-Jd2)兵,
ζ=(2Ja2-Jb2>'(Jc2+Jd2-4Ja2+2Jb2)
(41)
(42)
and
θP=
3P1。・(J、2-Jd2)2
3JB{1-V一ζ】-1/2}
4(Jc2+Jd2-4Ja2+2Jb2)
(2Ja2-Jb2)
.
4plo(Jc2-Jd2)
(43)
TablelPossibleMn-radicaScomplexesintheS3andS3'states,eachtakinga
structural。onformationwithasmallmagneticdipolarinteractionbetween血e
radical(HOOH・)-andMn-tetramerspinsinthecited90regionsfortheaxial
(D12)and血ombic{El2)componentstobecomeIessthan50Gilmagnitude(see
FigS5and6).・
Models
S㎞1ctUte
Pa㎜eters A1
A2 B
a .b C a b c
'a b C
tRab,Rcd,
R㏄,RbdKA)
【叫 α2】(。}
【2.7,3.62,
3.3,3.3]
18.8】
12.7,4.1,
5,0,3.3]
【10,41
正2.7,2.73,
4.2,3.3】
【-8,8】
P()
q(A)
0.6'
2.1
1.35
1.86
2.1
2.1
0.6
2.1
1.35
1.86
2.0
2.0
0.6
2.1
L35
L86
2.1
2.1
一 〇D
土 △9D{。)
623
±0.7
64.3
土1.3
53.1
±32
605
±0.6
60.4
±1.3
55.4
±8.6
一2.2
±M
0.90
±0.5
0.25
±0.1
61.0
±03
61.0
土05
63.6
±2夕
一〇.75
土0.25
62.4
±0,6
一 θE
±△θB㈹
62.6
±0.6
64.6
±03
(62)
OntheOriginofaSplitEPRSignalfromaModifiedS3'-StateofCazLDepletedPhotosystemllinPlants
Thus,theJl2vseorelationisfoundtointersecttheeO-
axisatOo=eJB,"amagicphaseangle",whichmaybe
usuallyslightlybelowOぴ={}ineitherradicalbindingsite
ofMnc(IV)orMd(IV)ion,accompaniedbytherelat▲ons,
0<Jb2<2J、2<<Jd2<」、2and(k2J、2<Jb2《」、2<Jd2,
…pectively.Theval…fJBw・・ldb・ f血・・am…d・ ・
ofmagn輌tudeasJA,sothatFig.3maybeusedwith
・eplacem・nt・fpar・m・砧 」A・fJBt・d・t・m・i・」12加m
△θ0.
IncontrasttomodelA,how6ver,modelBis
requiredtosatisfyamoresevereconditionfortheintra-
tetramerexchangeinteractions,asgivenfromeq6by
3PloJ_
2σcd-」+)
一1・k〈9・ (44)
whic垣smostlyequiva1甜"oJ/lcd=O(10-2),implying
thattheS2'→S3'transitionshouldresultineithercaseof
J-=Jac+Jbd/2=O(0.1-0.01cm'1)orJcd"O(102cm-
1).Theformerismuchiessprobablethanthelatter,
becausethefbrmerrequiresanadditionalcondition,i・e・
asignchangeofJ.orJbdfrOmantiferromagneticto
ferromagnetic,al出ougheventhelattercanhardlytake
place.Furthermore,thebridgingradicalmustadda
ferrOmagnetiCCOntribUtiOntOJ。d,makingthelatterleSS
probable.Never血eless,itwouldbeinterestingtoknow
whetheiladimer-of-dimersmodel,whichsatisfieseq44,
isconsistentornotwith也eobservedsmallanisotropic
interactionintheS3'signaL
ii)Themagneticdip・larinteracti・nD12
1nTable1,wehavepresentedstructural
parametersforatypicaldimer・・of-dimersmodel
combinedwiththethreepossibleradicalbindingsites,
called"submodelsBa,BbandBc",andtheresultant
rangesofeowhichgiverisetosmallaxialandrhombic
dipolarinteractions,i.e.ID121<50GintherangeIeo一θDl
<△ θDandIE121<50Gintherangeleo-eEi<△OE・
respectively.ThebareD12vseo,E12vsθoand{ρvsθo
relationsaredepictedinFig.6a,bandc,toshowthat
onlysubmodelBacantakeasmallrhombicdipolar
interacti・n,旧12k50G,inanarr・wr加ge,4・0。<go<
・05。,butthisranged㏄sn・t・verlapwiththat(-3・35。
<60<-1.05。)forsmallaxialdipOlarinteraction,ID121<
50G.Thus,weconcludethatthedimer-of-dimersmodel
mustexhibitsomeapPrecial)1eanisotropicfeaturesinthe
S3'signat.
5.NumericalanglysisoftheS3・signal
TheobServedS3'signalsseerntoconsistoftwo
distinguishablecompOnentS:anartowdoubletwith
100-200Gwidesplittingandabroadwingsextending
over2950-3860GatX-bandfreqUencieS[19].The
d皿bletspectrumwascomputer-simulatedbyBoUssacet
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Fig.6ThesamerelationsasinFig・5inpOssible
sUbmodelsofmodelB:(a)Ba,(b)Bband(c)'Bc
(s㏄Table1).
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al.【23]:thesticksp㏄仕umobtained臼omasetof
parameters(Aa=150G,Ab=75G,Ac=52.7G,Ad=48.6
G,91=L965,92=2.012,」12=67.4GandD12=0)hadto
beconvolutedwithd遜eIentGaussianlineshape
hmctionswithlargebroadening,△Bi=40Gand△B2=43
G,fbrtheMn一砧tramerandradicallines,爬spectively」t
was負)undthatthemu回inecomponentduetotheMn-
tetramerbecomesunresolvableandcollapsestoalevel
muchweakerthantheobservedwings.Thisdiscrepancy
originatesf士omtheHis-radicalhypothesisthatlim熟sthe
valueofJl2tosuchaweaklevel.Funhermore,Boussac
eta1,123】assumedthat1)12migh凸avecontributednot
totheenergylevelsplittingbuttothelinebroadening
capabletobeincoηporatedintotheGaussianbroadening
負1nction.However,thisassump"onshouldbeallowed
・nlyf・rpOwderedspe伽inaninconsistentcasewhere
bothD12andE120flong-rangenaturearemuchsmaller
血anJ120fshort-rangenature・
Thissect己onisdevotedtonumerically
demon ratinghowreasonablythepresenthypothesis
△00
2800300032003400360038004000
B(Gauss)
Fig.7The・ffe・t・fth・m・gi・ph・§ angl・θJA・rith・
EPRsignalfromtheMn4-radicalcomplexlwith
J12=O.015cm≡1andDl2=O(thespectroscopic
parametersarev=9.4GHz,gi=1.98,g2=2.011,aa=
-96G,ab=-77G,ac=r.83G,ad=-81Gand△B*=25
G):△θJA=eJA+60。=0。(a),3。(b)and6。(c);
Jt2=
200
2800300032003400360038004000
、8(Gauss)
fig.8・Theeffectoftheeffectiveexchangeinteraction
J120ntheEPRsignalfromtheMn4-radicalcornplex
withthesamespectroscopicparametersasinFig.7,
excepteo=-65。.
(64)
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canexplainamthefeaturesintheS3'signa1.
↓りTheeffec'{)fthe〃1α8匡{}ρんasean8'eθJAonグゐε
multilinecomponen'
ThewingsoftheS3`signaldonotexhibitany
resolvedmultilinesduetoMn-nuclearhyperfine
splittings.Thisfactcanberegardedasanevidenceofthe
tetra-nuclearMncomplex,because,iftheMncomplexis
adimer,theS3'signalmustshowanobservablehyperfine
s血cturesimilartothatdepictedinFig.7a.Therefore,
theessentialfactorbehindthiSfactwouldbeadeviation
ofdlemagicphaseangleθJA加m-60。inmodelA.In
theprevi皿ssections,itwasshownthatthisdeviation
arisesfヤomthengn-vanishingexghangeinteractions
betw㏄耐heradicalanddistantMnspins,thatis,Jc2and
Jd2,andcanpossiblyreach3-60.lnFig.7,weplotted
thetheoreticalS3'signalsasafbnctionof△θJA=eJA+
60。'(=0。,3。and6。)tobeobservedfromaprobableMn-
radicalcomplexlwithfixedJ12=0.015cm'1andD12=O,
wherethefollowingspectroscopicpararneterSwere
adopted:v=9.4GHz,g1=1.98,g2=2.012,aa=-96G,ab=
-77G,ac=-83G,ad=-81Gand△B*=25G.A
remarkable旬dingistlatthemu蓋tilinefea血lre,whichis
cle釦rlyresolvedat△θJA=0。(Fig.7a),rapidlydisapPears
as△θJAonlyslightlyin6reases(Fig.7ba旧dc).Thiscan
bereasonablyexplaihedasthelinebroadeningeffectdue
totherecoveringhyperfineco叩1ingsatMna(m)and
Mnb(IV)nuclei.Wewouldemphasizethatf(》ur
independentestimatesoftheallowedθoregionsfromthe
OJAitself(eq40),IDI21<50G,IEI21<50G(Table1)
andthelinebroadeningeffect(Fig。7)cont泊nan
overlappingregionbetween-62。and-640,0nlyin
submodelA2c.Moreover,wefindthatthecollapsed
multi▲inefeatUreinFig.7cistooweaktoexplainthe
observedappreciableintensityofthewingcomponent.
(ii)Theeffeぴoftheeffectiveexchange輌nteract匡o〃ノ2
1nordertoremovethisdiscrepanpy,wemust
assumethat,intheS3'state,theMnclustersare
inhomogeneouslydisturbedtogenerateadistributionof
Ji2inawideCangeofmagnitude.In病gs8athroughf,
weshowthetheoreticalEPRsp色ctraasa負1nctionof
lJl21,whereweusedforsimplicitythesamesetof
parametersasinFig,6exceptθobeingfixedat-64。.Itis
fbundthat,whentheJ12issmall,theS3'signalbecomes
asharpdoubletwiththepeak-to-peakwidthof～IJ121
(seeFig.8aforIJ121=100Gand8bf()rl∫〕21=200G);as
IJnlincreases,血edoubletsplittingbecomeswiderand
weakerwhil鋤ec・llapsedmijltilinec・mp・nentstartst・
grow(se Fig.8cforiJ121=400Gand8dfbrIJI21=800
G);whenIJi21exceedsthespectraiwidth,thesedoublet
andmultitinecomponentsconsolidateandfbrmavery
bmadahdweakd皿bletspec血imsimilartothewingsof
也eS3'signal(seeFig.8eforiJi21=1600Gand8ffbr
IJ12{=3200G).Thisl▲mitingbehaviorrep爬Sentsthe
effectofexchangenarrowingandhasbeendiscussedin
Section3(seeeqs33a-d).Inthislimit,thewidthofthe
signalisapproximatelygivenbyahalfofthatofthedark
s ablemuldlinesignalintheS2`state,inag【eement
withanobservatiori(・sglOG[19]=1700G【23】ノ2)
Thus,weconcludethatthe、wingsoftheSj'signalshould
havearisenfromtheMn-radicalcornplexeSiwithstrong
effectiveekchangeinteractioftsatisfying200G<<JI2<
kBT,wherethesecondinequalityisreqUiredfrom.the
BoltSmanndistributionfunctionaswillbediscussed
below.
Therefore,acorrectcomptiterSimuEationofthe
ob ervedS3'signalrequitesaknowledgeonthe
distributionfuIlctionofJ12asgivenby
ρ(J12)一る歳exp{-WOt12
、ylkk)2L
(45)
whetewkrepresentsafractionalpopulationofthe
enzyme-substratecomplexesinthek-thconformatio血al
substatescorrespondingtoagrOupoflocal-minimum-
energyconf()rmations,andtheseMn-ra{licalcomplとxes
aresupPoSedtobeinaGaussiandistributionofJl2,
centeredatJ12tJkwithwidth△Jk.LetAij(B,△B,」12)be
theEPRabsoq)tionspectmmdue・tothei→jtrahsition
Gj=31,42,21,43)with△Bbeingtheinhomogeneous
broadeningatJl2=0.Then,thetotalmeanabsorpt輌on
spec血misapProximatelygivenby
A(・)・J9・・,・P(・12)i
)A,j(B・AB・」12)【1…p(、吉1。)丁1・
・]ilw・・+exp(
,{1。)rl嵩A・綱1・)㈹
(65)
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whe1ewei耐oducedatotalinhomogeneousbroadening
△BijkaSSociatedwiththei→jtransitionofthek-th
9・ up・fth・Mn-・adi・al・mp1・e・Th・ e△Bijkc・nb・
estimated加meqs46and29a-dwitheqs30a-band
31a-…f・ll・w・・(1)Zlli;ijdsu△Bd・V(M2+Nd2/4)f・・
thedoubletcomponents,(2)△B31w=△B43w寓
△Bw=∨(△B2+tYw2),△B42w=△B21w=△Bfe・曲ewi・g
componentSwithJw》V(<h且2>),and(3)△B31w=△B43w
=△B,△B42w=△B21wr△Bw=寸{△B2+△Jw2)f(〕rthe
wingcomponentswithJw《-V(<h12>).
Thispictureprovidesaquitereasonable
interpretationofrecentpulsedEPRmeasurements[22]
showingthattheS3'signalpresentsonly23%ofthe
integratedEPRsignalareaoftheS3-statemul面ne
signal:theremainingEPR-silentcentersmustbein
singletstateswithJl2》,kBT.Inaddition,theS3'signal
reportedbyAndr5asonetal.[19]exhibitsapairof・
shoulderpeaksonthe.doubletspectrum,indicativeof
coexiste皿ceoftheMn4-radicalcomplexeswithIJkl=153
G加d定278G.Thus,weaπiveanconclusionthatthe
Mn-radicalcomplexeSmustbeinhomogeneouswith
respecttotheeffectiveexchangeinteractions,involving
atleastthreegroups:(1).IJ121=100-300G,(2)100-300
G《IJI21<kBT,and(3)Jl2》k直T.
(iii)Theeffectofthe〃vagneticdipolarinteractionD/2
Asshownabove,bothDi2andEi2canbenearly
quenchedwhentheM血1-radjca」complexisesse加ally
describedbythemodelA2casdepictedinFig.4A,
althoughthequenchingwouldbeingeneralincomplete.
Theresidualanisotropicinteractionsmaybedetectedby
carefulandaccuratemeasurementsontheorientation
dependenceofthedoubletcomponentwithuseofthe
orientedPSIImembranes.InFig.9,wedefineand
illustratetherelevantcoordinateaxesandanglesneeded
todesc品ethemembraneEPRphenomenon:The
appliedmagneticfieldBmakesapolarangleθBrelative
tothemembranenorma1(z'-axis)・andliesinthex'yL
Planeofthelaboratoryf『ame;血eprincipalz-axisof
tensorDi2makespolaranglesθD,φwith爬specttothe
xyz`-coordinatesystemandtheprincipalx-axisdoesa
rotationangleξfromthezz'-plarie,resultinginthe
azimuthalanglerpofBintheprincipalxyzcoordinate
sys民masgivenby
coSΨ={sineB(sinξsinφ一cosξcosθDcosφ)
,(47)
+cosOBsineDcosξ]ノsine
withtheadditiontheoremofLegendrefUnctions,
…2θ 一〉・》(…2e・一去X・・s2・ガ 〉)
1
+ラ「sin20Dsin2eBcosφ ・
・去…2θP…2・BC・・2φ
(48)
w㎞chdescribestheangulardependenCeof血eaxial
componentofA(0,《p)ineq19.SimilarlY,therhombiC
componentofA(θ,《P)isprOportionalto
…2・ …2tP・・(…2θザS)(…2ξ 一去)…2θ・
・…2・・(…29…9・… φ一}…2C…2θ ・… φ)・
一…2e・{・・・・…2ξ 一9…2ξ(1・…2θ ・)}…2φ
Z・
(49)
、
、
?
y
??
Fig.9Defintionofamolecularcoodinatesystem【xyz]
relatiVetothelaboratoryframe正x'yぐz']汀hezLaxis
representsthemembranenomal,thedir《rctionofthe
appliedmagneticfieldB,isdefinedbyangles(θB,0)
and(θ,(P)inIx'y,zl]and[xyz】,respectively,the
dir㏄tionofDl2in{xyz']byangles(θD,φ),and
angleξgivestherotationangleofthex-axisfrom
thezz`Plane.
(66)
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SincetheorientedPSIlmembraneshavenoorderwith
respecttoarotationφatoUndthemembranenormal,all
thetermsineqs47and48proportionaltocosφ,sinφand
cos2φcancauseonlyalinebroadeningasfarasD12and
Ei2aresmall,andtheothertemmscandoaθB-
dependentlevelshift.Asadistinctivefbature{othetwo-
halfspinssystemiwefindtwo"magicangles"f()rθD
andξ,i.e.'54.7。and450,resp㏄tively,atwhichtheaxial
andrhombiccomponentsintheθB-dependentlevelshift
vanish,andthereremainsonlyaninhomogeneousline
broadeningdueto
45。
90。
2800300032003400360038004000
B(GaUSS)
Fig.10Apredictedo1ientationdependehceoftheEPR
signa1廿omthemodelA2cMn4-radicalcomplexi血
Ca2+-depletedPSIImembranes(seetexりwhose
principalaxesofDl2tensorareassumedtobe
orientedneareo完一660andξ=200.Theindicated
angleisOBdefinedinFig.9.
?????
???????㌔
・〉(D12-Vli・・2)…2θBC…φ
(50)
Itshouldbenotedthatthismagicahgleeffectwill
becomesignificantwheneverleDlandIξIarenotsofar
(pOssibly,within±15。)from57.4。and45。,resp㏄tively.
ThisispartlybecauSeth¢membranescannotavo輌da
partialdisorientationduetomos逗cspread.
Forinstance,inthecaseofmodetA2cwith
JI2=150G,Dl2=38・8GandE12=26・5Gatθo=-63。,
we`mayputOD叫P=66.16。andξ=20。aslikely.
assumptionsbasedonrecentEXAFSdataindicatingthat
the2.7Aand3.3AMn-Mnbondswouldbe
perpendicularandparqlleltothemembra皿enomal,
respectively[4].InFig.10,weshowtheorientation
dependenceoftheS3'signalsatθB=Oo,450and900,
respectively,whicharisefromthisMn4-radicalcomp▲ex
specifiedbythesamesetoftheotherparameterSas
utjlizedinFig.7.Thus,wefinddhattheoriehtation
dependenceofthepeakpositionmustbesoweakif也e
presenttheoryisco頂rect.
(iv)EPRSpec〃u∬s輌mutatゴons
TheconditionofsmalldipOlarinteractionfor
thedoubletcomponentwasfoundtobemostsatisfied
bysuchamodelA2cMnclusterwith一θo=61-64。as
depictedinFig.4A:inthismodel,thecenterofthe
radicalspinsurprisinglycoincideswithamiddlepointof
the=1.46AO-Obondintheradical,(HOOH・)',which
isreasonablypresumedtobemorestronglyboundon
theMnb(1V)sitethanontheMna(111)sitetofbrman
asymmetricthirdbridging[igandinthedi一μ一〇xobddged
Ivinh(III)-Mnb(IV)(limericsubunit.Theotherpossibility
ofanHOHOH・radicalasthethirdbridgingligandis
muchlower,becauseahydrogeribondinthisligand
wouldbeveryshort(<2.50A)andnear-sy血ne㎞c[36}
andhencethecenteroftheradicalspin㎞ustbe
describedbythemuch-less-pmbablemodelA2b.
CircumstantialevidencesppgferringTnoqelA2cmaybe
providedbythefollowingexperimentalfindipgs:(1)a
(67)
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UVabsorptionspectruminducedbyflashilluminationof
dark-adaptedCa2+-depletedPSIIissimilar【23】tothat
generatedbythecovalentadditionofanOH・radicalto
HisinaqueoussolutionatpH9.2{24]・whichmaybein
turnsirnilartothe(HOOH・)'radicalcovalentlybonded
tothedi{p-oxo)Mn2(III,IV)subunit(seeSection6);and
(2)MnK-edgeXANESspectrainducedbyaseriesof
flashilluminationoftheCa2+-depletedPSIImembranes
3100
A
C
イ.
'!
,・〆4→2
vノ .',、3
→1 ハ
2→1
4→3
"一/
320033003400
B{Gauss)
4→2
3500
,
3600
Fig.11ThebestsimulationofanobservedS3'signa1
23(v=9.4GHz),basedonthebinarymodelofJ12-
di由bution:te.{Jd=135G,△Bd=29qwd=0.65,
0。d・-65。}加d{」w・2800q,tYw・201G,w。・
0.35,θow=-50。}fbrthedoubletandw輌ng
components,respectively.Boththedoublet(A)and
thewing(B)components(thicksolidlines)are
decombolutedintofourtransitions(non-solidlines).
Seetextfortheotherparameters.(C)The
theoretical(thicksolidline)andexperimental(thin
solidline)sPectra.
showedanabnormalstepwiseupshiftoftheK-edge-
energyj.e.=1.OeVbyoneflashupontheS1'toS21
tr nsitionandssO.9eVintotalbymanyflashestoreach
asteadystate,possibSyS3'stateI29】,indicatingthata
Mn(III)orMn(IV)ion,oritsdirectligandintheMn
c1山stercouldbeoxidizeduptotwoelectronsbutfurther
eventswereblocked:thesameconclusionwasderived
fbrthenomalS2toS3transitiontoo[28輻
Inspiteofthepossiblemulti-componentoriginof
thewingsoftheS3,signal,theEPRspectralsimulations
basedonabinarymodelofJi2-dis血ibution,which
involvestwosetsofparameters,{Jd,△Bd,wd,θod}fbr
thedoubletcomponentand{Jw,△Bw,ww,θow}{br
thewingcomponentineq46,wiHprovideuse血ll
in{brmationnotonlyonJd(=100-200G)and△Bdbut
alsoontherelat三vepopu】ationwdlww,providedthat
θod=-650(seeabove),andrepresentatively;θow=-500,
Jw=2800G(》JI),and△Bw=200G(胃 △Jd*Jw/Jd).ln
addition,thehypedinecouplingconstantsoffourMn
ions{ai;i=a-d}aretakenasequaltothepreviousones,
andthoseoftwoprotons{ak;k=e,f}inthe(HOOH・)】
radicalareforsimplicityassumedtobeequallyahalfof
thatinahydroxylradlcal[37]:i.e.a.=afx20G.As
depictedinFig.11,apowderedS3's▲gnal(athinsolid
lineinC)reportedinref23wasbestsimulatedtoobtain
animportantsetofparameters,{gl=1.98,g2=2.012,
Jd=135G,△Bd=29G,wd=0.65,ww=O.35}:here,the
theoreticalEPRspectrum(athicksolidlineinC)are
deconvo1咀edi血tothedoublet(athicksolidlineinA)
andwing(athicksolidlineinB)components,eachof
whichisfUrtherdeconvolutedintofour-transition
componentsasindicated.Wenotethat(1)thesmall
asymmetryoftheS3'signalinFig.11iswellreproduced
bythesecondorderperturbat輌oncorrectionduetothe
nuclearhyperfinecOuplingalone;(2)thevalueof
92=2.011isreasonablycloSertothefreeelectrong-
value(ge=2.0023)thantheg-valueofHO2・,2.015【38]
(s㏄Discussion);and(3)thedoubletcompOnentarises
fromca、65%ofEPR-susceptibleMn-radicalcomplexes
intheS3`state.
Then,itwouldbeinterestingtopredictthe
isotopeeffectof(DOOD・)-ontheS3'signal,esp㏄ially
onitsdoubletcomponent.Whenproton(1=112)is
(68)
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exchangedbydeuterium(1=1),thehyperfinecoupling
constantswillbesignificantlyreducedintoaessaf=3G,
asestimatedfrom=781508*20GI39】.Neve戊heless,"
wasfbun(Hhat也edoubletpeakintens"yoftheS3I
signalisinc既sedon1yslightly(告11%)bytheHID
・isotopicreplacement
,andtheotherportionw▲11not
changealmostThus,anyatternpttodetec杜hissmall
isotopeef岳ctonsuchaweakS3'signalis爬quiredtobe
especiallycareful.Inaddition,itshouldbenotedthatthe
wingcompOnentisasymme垣callydi迦b顧edw』
overallwidth,950G,inagreementwiththeexperimental
one,910G口9|.
6.1〕喧scussionsandconclusions
Intheprevious§㏄tions,wehavedとvelopeda
unifiedtheoryofdleS3'signalarisingfromavarietyof
modifiedformsoftheS3stateinCa2+-depleted,C1--
depleted,andNH3-treatedsamples,andansweredtoa
questionwhythenormalS3stateisEPR-silent.The
theoryisbasedonthemostlikelyaSsumptionthat,in
boththenormalandthemodifiedS3-states,theMn
clustercanberegardedasacoupledspinsyStem
Z
H
Ψ2
ツ0
H
＼
MnllL_一_.._._MnlV//1
。1＼
x
Fig.12Thexyz-coordinatesyste血⑩describethe
anisotropicexchangeiriteractioAbetweeAaMn(III)
iOnin(口(p:oxo)Mn2(II1,1V)subunitandan
unpairedelectronintheΨ2-orbitalofabridging
radical,(HOOH・)一.
consistingofaspinSi=1/2Mn-tetramer,whichremains
essentiallythesamespinconfigurationasthatintheS2
statewithspinSF112[2],andaspinS2=1/2radical
boundtoitasadirectligandatsomeappropriatesite.
WehavequantUm-mechanicallyderivedaneffectivespin
hamiltOnianinvolvingtheeffectiveisotropic(」12S1'S2)
andanisotropic(S1・D12・S2)in缶ractionsastheessential
termsthatcansenSitivelyreflecttheconformationalstate
oftheMncomplexandtheradicalbindingstateざThe
n㏄essityofthisnewtheoryhasarisenf『omthefactthat
theS3'signalconsistsoftwodistinguishablecomponents,
called'`doublet`'and"wing'`,theformerexhibitinga
near-symmetricsplitbandindicativeofasmallnear-
isotropicinteraction(IJ121=100-200G》ID12り123▲and
thelatterextendingoveTnea]rlyahalfrangeofthedark
g.tablemultilipesignalindicativeofmuchs的ngerJ12
interactionthanthenuclearhype㎡inesplittings.andalso
伽mrecentflash-inducedXANESstudiesw註huseof
physiologicallynativePSllmembranesinthenormal
[28】andCa2+-deple{ed{29]preparations.indicatingthat
aMn(m)orMn(IV)ionoritsdirectligandwas
oxidizedupo皿theS2(S2`)→S3(Sゴ)transition,although
onlythelatterpossibility,i.e.血eoxidationofaligandat
specialsite(s),canbeconsistentw"htheS31signal・It
waspointedout(KusunokietaL[28]){hatthe6th
coordinationsiteofMna(田)orMnb(lV)i.oninthedi(隆
oxo)bri{1gedMn2(m,IV)microsu㎡facecanbethemost、
probablecandidate,because山eXANESK-edgeenergy
couldsensitivelyupshi負only.whentheligandwiththe
longestbondlengthisoxidizedtobemoretightlybound,
justastheoxidationofMn(III)iontoMn(IV)induces
thesho責eningofaMn-ligandbondresultinginthe
upshiftoftheK-edgeenergy.
Thetheory,however,contradictsanearlier
report【251statingthattheMnK-edgeXAFSspectrum
ofaPSIIpreparationpoisedinthe=35%S2and⇒5%
`'S
3"statewasthesameasthatpoisedinthe=100%S2
state:thisobservationapPearstohavebeenutilizedasa
supPor虚ngevidenceforan"S2'-plus-organicradicall'
mode1,wheretheorganicradicalwasnotallowedtobe
acovalent-bondedligand,becausewhoseoxidation
woulds仕engthenandshortentheMn-ligandbond
resultinginanappreciableupshiftormodificationof也e
(69)
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MnK-edgeXANESspecωm,andwasproposedtobea
佗mo紀His・+{231,Yz・+【26】andTry・+140].However,
itwasfUr血etpointedout(KusunokietaLI28Dthatthe
reportedEPRdataI25],whichwereusedtoevaluatethe
sampleprocedures.togenerateadoubleturnoverofPS
II,canbemorereasonablyre-evaluatedasfollOws,
yieldinganopPositeconclusionofnqS2→S3・
advancementdueto血oreductionofacceptorFe3+to
Fe2+d面ngtheilluminationat240K(step4):(Dthe
amplitUdeofthemultiiinesignal血aynotbeusedasa
quantitativemeasureoftheS2-statecomposit量on,
becauseitisknownthattheS2statemaybe
inhomogeneousasregardsthetotalspinoftheMn
cSustertakingaspinS=1/20rS=5/2(seeareView,
Debus[5】】,possiblydependinguponthetemperatureand
theduratiohtiMeOfthesarnpletreatment[2];(2)
DisappearanceoftheEPRsignalsatg=8andg=5.5,
associatedwithQ400(Fe3+)wasinterpretedl25〕as
indicatingthereductionofFe3+toFe2+,butthe
reductionofQAtoQA'itselfcanelimioatedlesesignals
owingtotheonsetof也eQ万spincoupledwiththeFe3+
spin;and(3)AnEPRsignalatg=1.9,wh▲chshowsa
lineshapesignificantlydifferentfromthatobservedfor
QA'co叩1edwithFe2+,canbemorereasonably
interpreted[25】asarisingfromQA'Fe3+than廿omQA≡
Fe2+.Ontheotherhand,thistheorywouldexplain,of
course,theapparentlackofMnoxidationd涌ngtheS2
toS3transitionintheNMR-protonrelaxation
enhancement[41]andYD+EPRspin-latticerelaxation
【421experiments,and,simultaneously,eventheflash-
inducedopticalabsorptionchangeoftheS2→S3
transitionwhichwasobservedtobesimilarto[43],or
somewhatdifferentfヤom【44]thatoftheS1→S2
transitionrepresentingtheoxidationofoneMn(III}ion
toMn(IV)(seeareviewofDebus[5】).Thissimilarlity
doesnot血ecessariSymeanthatoneMn(III)ionhasb㏄n
oxidizedupontheS2→S3transitiontoo」ndeed,thefact
thattheformerspec血mhighlycoincidentallyresembles
anabsorptionspectrumoftheintermediateformedfrom
thereactionofOHradicalwithhistidine{24】,avery
differentchemicalspecies,withrespecttothepeak
position,bandwidth,lineshapeandamplitUde,was
utilizedasanevidencefbrthattheS2'i→S3'transition
correspondstotheoxidationofHis{23▲.This
cotresponde皿ce,however,seemstobeinconsistentin
hefbllowingpoints:(i)theabsorptiollsp㏄㎞mofthe
suggested【imidazole-OH]・radicalcomplex(TableIII
inref44)consistsofonlytwoabsorptionbands,namely,
amainbandpeakedat310nm(4.OeV)possiblyarising
froman→π*甑nsitionintheimidazoleN3=C4double
bondandaweakerbandpeakedat410nm(3.02eV)
maybeascribabletotheC→BtransitioninOH【45】
addedtothepositionC5("]ianddoesnotcontainsuch
aweakshoulderpeakedat350nm(3.54eV)as
observedintheS2'→S3'differencespectrum、This
discrepancywasfirstpointedoutbyDekker{43】,
althoughanabsorptionspectrumofHis・wouldbein
generaldiffereptfromthatof{His-OHI・;and(ii)
Generally,thehigher由espindensityonoxygen也e
higherthegvalue,becauseiftheatomicshellislessthan
halffU11,theatomicspin-orbitcouplingconstantλis
positiveandg<ge,andiftheshe田smorethanhalf血111,
λ<Oandg>9e.Sinceanimidazoledoesnotcontam
oxyge皿,theg-valueofaHisoradicalisexpectedtobe
c1・set・9,」nfact,the[imidaz・1e-OHlradicalc・mplex
mentionedabovetakesthevalueofg=2.00226・・ge【44】
inagreementwiththeradicalspinprimarilylocalizedat
theC2atom.However,KingetaLl45]reported
significantlyhighergvalues血angefbrsoMeaminoacid
freeradicalsfermedbyoxidationofmetmyoglobins,e.g.
g=2.009fOrHis》ge;andg=2.010f{}rG▲y》{gx=2.0025,
gy=2・0038,gz=2・0044}fbrac巧9alofGlyI47LBut・in
theseexamples,theunpairedel㏄tron輌sexpectedtobe
localizedmainlyonthepeptidecarbonyi>C=0.Onthe
otherhand,thegvabeoftheradicalformedintheS31
statehasbeenfbundtobeg2=2.011,inaccordwiththe
originalestimate【23】.Thisvalue,however,seemstobe
toohightobeascribedtoHisimidagoleaswellasthe
otheraromaticaminoacidsresidues,allofwh輌chdonot
containOatoMinthearomaticring(s).
Therefore,weconcludethatsuchahighgvalue
musthavearisenfromanO-richrad量calf()nnedbythe
fi stvvateroxidationprocessindheKok'scycle.The
mostprobablecandidatew皿kdbean(HOOH・)'radical
'
bo皿dtotheMncomp】exthatwaspredlctedl48]to
appearintheS3stateasthethirdbridgingligand
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betweentheputativedi一μ一〇xobridgedMn{111)and
Mn(IV)ions,onthebasisoftheMOstudiesonthe
deprotonationenergetigs・fthewatersplittingreacti・n
takingPlaceonthecatalyt輌cbinuclearII血crosu㎡face,
because6)the(HOOH・)'radicalintheS3statecanbe
theonlymodelasanintermediateproductobtainedby
removingtwoprotonsandoneelectronfromawater
dimer,inaccordancewiththeobservedstoichiometryof
protonsreleasedfromthewateroxidiz輌ngcomplexper
P680duringtheS-statecycle,i.e.L2:0.2:0.95:1.65at
pH65fortheSo→Sl,Si→S2,S2→S3and
S3→(S4)→Sotransitions,respectivelyI49▲;(ii)this
radicalcanbetransientlygeneratedinbufferedaqueous
solutionatthefirststepintheoxidationofMblllby
H202150];and(iii)thegvalueofthisradicalis
expectedtobelessthanthatofOH・(=2.OllI38】)but
muchlargerthange,andtheseconditionsarewell
satisfiedbyg2=2.011.Ifthisisthec包se,theunpaired
electronmustoccupyaσ一typebondingorbitalbetween
twoOatomswhichcoUldbebothpromotedtoprovide
threeapProximdte2sp2hybridorbitalsandtwolone-pair
orbitalsifoneO.atomiscoordinatedtoMn(III)andthe
othertoMn(IV)ioninthedi(p-oxo)Mn2(III,IV)subunit.
Moreover,thetwoOatomswithseparationofca.1.43
Aarebondedbyadoubly-occupied(2sp2)πorbital.
Consequently,wesuggestthattheflash-inducedopticd
absorptionspectrumpeakedat=310nm(malnband)
andz350nm(shoulderband)maybeassignedtothe
n→ σ*and(2sp2)π→ σtransitionsintheO-Obond,
respectively.Inaddition,itisimportanttonotethatthe
Mn(IV)-ObondmustbestrongerthantheMn(m)-0,
givingrisetosuchanasymmetricbridgeIigationas
schematicallydepictedinFig.4A,whichinturnleadsto
asmall(2Ja2-Jb2)ineq37duetoalargebodyof
cancellationbetweentheexchange輌nteractions,2Ja2and
Jb2.
hdeed,wehaveshownthatonlythis(HOOH・)'
radicalcanreasonablyexplainthedoubletcomponentof
th・S3'Signal・・lywhe・itformsa・imil郷y㎜・ni・
thirdbridgingligandbetweenthedi-p-oxobridged
Mn(m)andMn(IV)ionsontheoppositesideofthe
otherpairofMn(IV)ionsintheSF112Mn-teぬmer,
whichwouldtakeadistdrtedstructure(modelA2cin
Table1),andwhosespinwave血mctioncouldbe
approximatelyexpandedaseqswith一θo=63-65。.
Namely,only由isspecialformoftheMn・radical
complexhasbeenshowntosimultaneouslysatisfy也e
followingthreeconditionsforthenear-symmenicand
hencenear-isotropicS3'signa1:(i)anextremelysmall
effectiveexchangeinteraction,i.e.IJ121=100-200G;
and(ll)muchsmallermagneticdipOlarinteractions,Le・
lDl21<<IJi21andIEi21<<IJ121,whenthephaseanglege
happens obeshiftedintoanarrowrangewithin±lo
aroundthemagicphaseangleOBA(conditionω)which
mustlieslightly(2。-5。)above-60。(condit輌ons(ii})、For
thishapeningtotakeplacew"hanapprecibleprobability
(roughlyestimatedas=O.23*wd・O.16aqcordingto
GilchristetaL【22】),theremustexistaninhomogeneous
distr輌butionofJl2atleastintheS3`state.Infact,the
wingcompone賊oftheS3`signalhasbeenshownto
arisefromdifferentMn-radicalcomplexeshavingmuch
1肛gerJ'12thanlOO-200G,althoughthepercentageof
thesecomplexesseemstobeonly=8%(=23%*ww).
Furthermore,them司o撤yofMn-radicalcomplexes(=
77%)areknowntobeEPR-silent,andwehave
proposedthisisbecausethesecomplexescarrynonet
magneticmomentsowingto'」12》kBT(thesinglet
groundstate).Th皿s,wehavepointedoutthattheS3`
state sevidentlyinhomoge配ous,suggestihgthatthe
Ca2+cofactorisboundneartheMncomplex,andits
depletionwouldresultinavarietyofrelaxed
conformationalstatesoftheMncluster.Recently,
Yachandraetal.14]proposed,basedonEXAFS
measurements,thataCa2+ionislocatedapprox.3.3A
ぶ の
fromMn,supPortingoursuggestion・
Ontheotherhand,adimer-of」dimersmodel
proposedonthebasisofEXAFSdata【4】must
uniquelycorrespondtothepresentmodelBasdepicted
inFlg.4B,whosespinwavefunctioncanbewell
describedbyeqswithθobe輌ngalwaysnearO。.Wehave
shownthatonlythemOdelBacanbeconsistentwiththe
near.symmetricandhencenear-iso加picsplitEPRsignal
inavanishinglysmallrangeofθoaro皿d-1.050(s㏄
Table1),But,suchasmallOohasbeenshowninFig.6b
tocauseanenhancedhype㎡fmestructureinthewing
regionsagainsttheexperimentalobservation.Hence,itis
(71)
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conc】ude輌ifMoublets声 ㎜in血eo目e鵬d
Ca2+-depletedPSIIisobservedtobereallyisotropic
bothi叩os泊on組dinintenslりr,theMn-radicalcomplex
mustbelongtomodelA2c,butif"issoonlyinposition,
重hecomplexcanbeeitherrnodelAorBasfarasthe
spectral▲ineshapeisconcerned,becausethenthemagic
angleeffectdescribedjnSection5.3musthavehappened
totakeplace.
十
ApptAdixAMatrixeEementsofprojectionoperators
{Pi=Si'Sl/【Sl(S1+1)];i…=a-d}inthe[SabScdSl}
representatton
〈SabS・・SIMIp.ISabS。、SIM>・
{⊥.S曲(Sab+1)-Sω(Sω+1)}
2S1(S1+1)2
己 ・Sa(Sa+1)-Sb(Sb+12Sab(Sab+1))}δ・。・。,
t(S1+Sah・S頃+2)(-S1+S曲+S。d+1)(SrSめ+Sω)】V2
and
〈S。bSedSIMIp・IS・・S。dSIM>一
2S1(Sl+1)(Sah+1)[(2Sal,+1)(2Sah+3)】ve
{(Sa+Sb+Sab+2)(Si-Sb+Sab+1)
(-S、+S、+Sah・1)(S、+S、-Sab)】lt2δ,。、。.1
(A1)
{去・Sω(Sed+1)-S.'(Sab+12S
l(Sl+1))}
己 ・Sd(s;嘉講+1)}δ 』S。・
【〈Sl+Sめ+S。d+2)(-SI+S出+Sω+1)(SrSめ・Sω)]1/2
〈s。bSdSl幽臨sωSIM>・
{⊥・Sab(Sah+D-Sed(S・d+1)}
22Sl(S1+1)
弓 ・Sb(Sb+1)-Sa(Sa+12Sab(Sab+茎))}δ・a、・ab
」(S1+Sah+S。d+2)←Sl+Sah+S。d+1)(S1-Sab・Sed)】lf2
2Sl(Sl+1)(Sah+1)1(2S、b+1)(2Sah+3)]i/2
・[(S
a+Sb+Sab+2)(Sa-Sb+Sab+1)
(-S。+S・+S…1}(S、・S・-S。b)ll/2δ,、 s、b+1,
2Sl(S1+1)(SOd+1)[(2Sed+1)(2Sed+3)IV2
{(Sc+Sd+Scd+2)(Sc-Sd+Scd+1)』
(-S。+S・+S。d・1)(S。+S・-S.)1i」2δ,。d、。、+1・
(A4)
AppendixBAnisotropicexchangeorpseudo-dipolat
interac60nbetw㏄naMn(田)iOnandaliga皿dradical
Wediscussthemagneticinteractions
betw㏄ぬMn(III)ionindi(IA.-oxo)Mn2(m,IV)dimer
andanunpai爬delectron量nthethirdbridgingligandsuch
as(HOOH・)',byusingthexyzcoordinatesystem
definedinFig.12.TheinteractionhamiltonianHint
betweenthed-electronsandthe6-electroninag)2-
orbitalconSistsofadirectCoulombandsome
superexchange(K)interactibns:
(A2)
十
〈S・S。、SIMip,is・・S'。、SIM>・
{!.Sed(S・d+1)-S・・(Sab+1)}
22Sl(S1+1)
己 ・Sc(Sc+1)-Sd(Sd+12Scd(Scd+1))}δ・.・。d
[(St+Sab+S。d+2)(-Sl+Sah+S。d+1)(St-S、b+Sed)】V2
?
?ー?????
?
?
?
?
ー
?
?
?
↑
????
?
?
?
?
』
???
2S1(S1+1)(SOd+り{(2S。d+1)(2S。d+3)]Y2
{(Sc+Sd+Scd+2)(Sc-Sd+Scd+1)
(-S。+S・+S・d・1)(S。+S・-Sed)】V2δ,',、S。d+1,
(A3)
(B1)
1・th・5Ag・・u・d・t・t・・fth・M・(m)i・,th・cc。pi・d
d-orbitalsmaybeassumedtobe{d(xy),d(yz),d(zx),
d(3z2弓2)},w})icharedefinedas{dk;k=1,2,3,4}in
thisofder,owingtotheJahn・Tellerelongationaloワg曲e
.z-di.rectiDn.Theenergydifferencebetweeri
ferromagneticandantiferromagneticstatesdescribedby
SlaterdeteminantS,ld(xy)d(yz)d(zx)d(3z2-B)Ψ2}and
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Id(xy)d(yz)d(3z2-r2)Ψ21,respectively,definesthe
isoOmpicexchangeintegralJa2as
・・2・
2Si.1{∫・・ld(・・)・(ax)・(・y)・(・・2-r2)・y21'H・nt
・d(y・)d(zx)d(・y)d(3・2-・2)Ψ2
一1・Tld(・・)・(・x)・(・y)・(・・2- 2)司*H、
。,
・d(・)・(zx)・(・y)d(3・2-一・2祠}
・-
2Sl.18!・Ψ・1・n・1NJ・d・〉・
(B2)
givingriSetotheeffectivespinhamiltonianゴa2Sa・S2.lnヨ ド
thisexpression,theCoulombpotentialternsrCpresent
theferromagneticdirectexchangeandtheKtermsthe
antiferromagneticexchange.Theseexchangeinteractions
maycanceltoeachother,resul加ginaratherwea1(
exchangeinteradtion,possiblybecausetheclosed-shell
di-P
,-oxoionscanplayaninterveningro霊eondhe=900
ind鱈㏄texchange、
Ondleotherhand,theeffectofspin-orbit
interactionHLSainMna(II1)ionontheanisotropic
exchangeinteractioncanbewelldescribedbythe
lowest-orderperturbat▲onprocessinwhichthespin-
dependentinteractionisinvolved,asgivenby【32}
and
Ψ 。,,・【d(y・),d(・・),d(3・2-・2),d(・2-y2)1.(B3)
Thenon-vanishingmat6xelementsofLabetw㏄nthe
5SandsPstatesarefoundtobe
(Ψae.Ψ21L鍛1Ψ昭 Ψ、}・(ΨaeyΨ2LayΨagΨ2)
・(Ψ.。Ψ 、iLaz1N'、gN',)=-2i・
(B4)
(ytaglH・klyl.)(Ψ.Ψ,IH・。、1・llac・Ψ・XΨ記・IH臓』)
He,Kh=Σ
阜ピ ムE。g△Eピ9
ThematrixelementsofHintinthistripletmaybe
・PPr・xim・t・dbyJ.Sa・S2,JyS,・S2at・dJ,s。・S2,where
、 〈・(・2-y2)Ψ・1・。・1Ψ・d(・2-y2)>
Jx=Ja2+
2S・+1-〈d(y・)Ψ ・jh・
。、IY'・d(y・)〉
、 〈・(・2・一y2)Ψ・1・i。・1Ψ・d(・2-y2)>」
yニJa2+2S
・+1.〈 ・(zx)Ψ,1・i。,i,,、d(。。)〉
and
2J
z=Ja2+2S
a+1
(B3)
wh・reth・・thermi…pr・ e・se・haveb・・nhggl・ct・d,
ΨaginlΨagΨ2)representsthed-orbitalpartoftheSlater
d・t・rminant・fth・g・・und・tat・,andΨ。,i・1Ψ舵Ψ2)d・e・
thatofanexcitedstate.H】LSaMaybeapproximatedby
λaLa・Sa,whichconnectsthegroundsinglet(5S)andthe
excitedtriplet(5P)statesofMn(III)ionwhosewave
fUnctionsaregivenby
Ψacx=【d(y・),d{・y),d(3・2-・2),d(・2-y2)],
V。ey・【d(・y),d(y・),d(3y2--r2):d(・2-・2)]?
〈・(・2-y2)Ψ・1・n・IYf・d(・2-y2)〉
一〈d(・y)Ψ・lhl
。,1Ψ・d(・y)〉
Since△Eeg"'△E=10Dq(theconventionalc1ystalline
fieldparameter),wegetfromeqsB2.B4andB5
(B5)
叫 金)/'鑑!畿la'S2)S寸
(B6)
EqB6・皿 ・・tb・伽h・ ・simplifiedbecaUse・fs。=2,
whichisadifferentsitUationfromthecasesofNi(II)
withS=1andCu(II)WithS=互∫2.But,wedonotneedら
Hexch麓selfb誕do輌tseffectivespinhqmiltopjanコ
Hexch*intheS1=112groundstateofMn4(ln,IV,IVJV)
tetramerdescribedbythewave釦nαionΨ1(112,M)ofeq
カ
5.Hexch*canbeobtaiηedbythev㏄torpr句㏄Iion
me伽dbasedontheWigneFEck頒theorem【31]:
(73)
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脇 ・樹
with
?
s2x十c2Slx(s1'S2)slx}
s2+(b$y(s1・ら)Sy}
Ci2s泣(S1・S2)Slz}
{B7)
and
〈Ψ1(;m)・3Ψ1(1-m2)〉
〈Ψ1(lm)ll…311Nf1(;m)>
68=了 巳(eb);fo'i=x・y・z
烏綜
一一禦(・ ・)・輌 ・・・…(・・j)・
(B8)
(B9)
`
EqB7canbesimplifiedbyuseoftherelations(S1=112):
Sli3=Sli/4;i=x,y,zandSliSljSli=-Slj/4;㍉j=x・y・z(i
≠j)」tisnowStraightfbrwgrdtoshowthatanけ
anisotropicpartinHexch*yieldsthepseudo-dipolar
effectivespinhamiltoniangivenby
H国 ・(Epd一去D国)S1・S・・+(Epd+>D国)S1・S・・
2
+可D国S1・S…
With
and
(B10)
D、・一〔釜 〕2N・Pa(・・)・AJD--i(・・+J,一…)
(Bll)
・国 ・〔liE')2A・・P (・・)・N・-i(・一・,)・(B12)
FrOmeqB5,wecanesti'matetheaxialandrhombic
exchangeparts,△Jl)ofeq]Blland△JEofeq]B12,
respectively,as
and
N・ ・き{〈・(・)Ψ・1…1Ψ・d(・・)〉
+〈d(xz)Y・21h,,、1Ψ、d(xz)〉
一一2〈d(・y)Ψ21hi、,1Ψ2d{・y)〉}
・㌃ 〈・(・)Ψ・1・…1Ψ・d(・・)〉
N・ ・㌃{〈・(・)Ψ・1・i・llY'・d(・z)〉
一 〈d(y・)Ψ・1h、
、,IY'・d(y・)〉}・o・
(B13)
(B14)
Thevalueofλa/△Ecanbeestimatedfromtheobserved
9。-value(9zN1・963)accordingto血eapProximate
relation【51],λノムE=(2.0023-gz)!8ssO.005.Theref{)re,
thepseudo-dipolarteirmmaybeneglectedinthepresent
problem.
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